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BROAD SPECTRUM EMITTER ARRAY AND METHODS FOR FABRICATION 

THEREOF 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] The present application claims the benefit of and priority to co-pending U.S. 
Patent Provisional Application Serial No. 60/316,829, entitled "BROAD SPECTRUM RAMAN 
PUMP LASER," the disclosure of which is hereby incorporated herein by reference. 

[0002] The present application is related to commonly assigned and co-pending U.S. 
Patent Application Serial No. 09/945,324, entitled "SYSTEM AND METHOD FOR 
PROVIDING A CONTROLLED LINE WIDTH EXTERNAL CAVITY LASER," and U.S. 
Patent Application Serial No. 09/929,837, entitled "SYSTEM AND METHOD FOR 
OPTIMIZING THE PERFORMANCE OF A MULTIPLE GAIN ELEMENT LASER " the 
disclosures of which are hereby incorporated herein by reference. 

TECHNICAL FIELD 

[0003] This invention relates in general to lasers, and in specific to methods for 
fabricating a broad spectrum emitter array and systems for using a broad spectrum emitter array. 

BACKGROUND OF THE INVENTION 

[0004] Known incoherently beam combined (IBC) lasers combine the output from an 
array of gain elements or emitters (typically consisting of semiconductor material, such as 
GaAlAs, GaAs, InGaAs, InGaAsP, AlGalnAs, and/or the like, which is capable of lasing at 
particular wavelengths) into a single output beam that may be coupled into, for example, an 
optical fiber. The gain elements may be discrete devices or may be included on an integrated 
device. Due to the geometry of IBC lasers, each gain element tends to lase at a unique 
wavelength. Exemplary arrangements of IBC lasers are described in U.S. Patent Application 
No. 6,052,394 and U.S. Patent Application No. 6,192,062. 

[0005] FIGURE 1 depicts a prior art arrangement of components in IBC laser 10. IBC 
laser includes emitters 12-1 through 12-N associated with fully reflective surface 1 1 . The 
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optical power emitted by emitters 12-1 through 12-N is generated in their quantum wells (not 
shown) which are surrounded by waveguide layers (not shown) and cladding layers (not shown). 
The cladding layers confine the light produced by the laser in the waveguide layers and the gain 
region in a single mode. Semiconductor lasers that use quantum wells offer dramatically lower 
threshold current densities compared to bulk heterostructures and are therefore advantageous 
due to their higher efficiency. 

[0006] In known IBC laser devices, each emitter is exactly the same, i.e., emitters 12-1 
through 12-N are grown via a single fabrication process and, hence, possess identical 
characteristics. Moreover, each emitter in known IBC laser technology only possesses identical 
quantum wells in the active region of the respective emitter. Accordingly, the intrinsic 
bandwidth of each emitter is limited to the bandwidth of the identical quantum wells defined by 
the selected fabrication process. 

[0007] Emitters 12-1 through 12-N are disposed in a substantially linear configuration 
that is perpendicular to the optical axis of collimator 15 (e.g., a lens). Collimator 15 causes the 
plurality of beams produced by emitters 12-1 through 12-N to be substantially collimated and 
spatially overlapped on a single spot on diffraction grating 16. Additionally, collimator 15 
directs feedback from partially reflective 17 via diffraction grating 16 to emitters 12-1 through 
12-N. 

[0008] Diffraction grating 16 is disposed from collimator 15 at a distance 
approximately equal to the focal length of collimator 15. Furthermore, diffraction grating 16 is 
oriented to cause the output beams from emitters 12-1 through 12-N to be diffracted on the first 
order toward partially reflective component 17, thereby multiplexing the output beams. Partially 
reflective component 17 causes a portion of optical energy to be reflected. The reflected optical 
energy is redirected by diffraction grating 16 and collimator 15 to the respective emitters 12-1 
through 12-N. Diffraction grating 16 angularly separates the reflected optical beams causing the 
same wavelengths generated by each emitter 12-1 through 12-N to return to each respective 
emitter 12-1 through 12-N. Accordingly, diffraction grating 16 is operable to demultiplex the 
reflected beams from reflective component 17. 
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[0009] It shall be appreciated that the geometry of external cavity 13 of IBC laser 10 
defines the resonant wavelengths of emitters 12-1 through 12-N. The center wavelength (X { ) of 
the wavelengths fed back to the i th emitter 12-i is given by the following equation: X { = A[sin(aO 
+ sin(p)]. In this equation, A is the spacing between rulings on diffraction grating 16, a { is the 
angle of incidence of the light from the i th emitter on diffraction grating 16, and (3 is the output 
angle which is common to all emitters 12-1 through 12-N. The overall bandwidth of IBC laser 
10 is X\- In, or AXiaser- As further examples, similar types of laser configurations are also 
discussed in U.S. Patent Application No. 6,208,679. 

[0010] As previously discussed, in known IBC laser technology, each laser diode is the 
same as the others, and each quantum well in a particular device is the same as the other 
quantum wells of the device. The quantum wells provide a peak gain at a particular wavelength, 
Xc 9 or center wavelength, and have a bandwidth of AX QW . The quantum well bandwidth is the 
range of wavelengths over which the quantum wells can provide a gain. Thus, the laser array is 
constrained by the bandwidth of the quantum wells, such that the bandwidth of the laser array, 
AA. laS er, must be less than the bandwidth of the quantum wells, AA, QW . 

[0011] Additionally, Raman amplifiers have been developed to amplify optical signals. 
A Raman amplifier relies upon the Raman scattering effect. The Raman scattering effect is a 
process in which light is frequency downshifted in a material. The frequency downshift results 
from a nonlinear interaction between light and the material. The difference in frequency 
between the input light and the frequency downshifted light is referred to as the Stokes shift 
which in silica fibers is of the order 13 THz. 

[0012] When photons of two different wavelengths are present in an optical fiber, 
Raman scattering effect can be stimulated. This process is referred to as stimulated Raman 
scattering (SRS). In the SRS process, longer wavelength photons stimulate shorter wavelength 
photons to experience a Raman scattering event. The shorter wavelength photons are destroyed 
and longer wavelength photons, identical to the longer wavelength photons present initially, are 
created. The excess energy is released as an optical phonon (a lattice vibration). This process 
results in an increase in the number of longer wavelength photons and is referred to as Raman 
gain. 
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[0013] As is well understood in the art, SRS is useful for generating optical gain. 
Optical amplifiers based on Raman gain are viewed as promising technology for amplification 
of WDM and DWDM telecommunication signals transmitted on optical fibers. Until recently, 
Raman amplifiers have not attracted much commercial interest because significant optical gain 
requires approximately one watt of optical pump power. Lasers capable of producing these 
powers at the wavelengths appropriate for Raman amplifiers have only come into existence over 
the past few years. These advances have renewed interest in Raman amplifiers. 

[0014] Single cavity IBC lasers have typically been considered inappropriate to 
stimulate Raman gain for many telecommunication networks, because known IBC laser 
technology suffers from limited bandwidth. Specifically, Raman amplifiers based on IBC laser 
technology will operate over a bandwidth that is limited by the intrinsic gain bandwidth (as 
defined by the quantum well characteristics) of the semi-conductor material from which the 
device is made. The intrinsic gain bandwidth is due to the limitations of the emitters used in the 
known IBC laser designs. Known amplifiers used in telecommunication networks typically 
have bandwidths of about 40 nanometers (nm) at the wavelengths of interest, namely the C 
(1530 to 1565 nm) or L (1570 to 1610 nm) bands. However, known IBC technology cannot 
generate gain over the entire wavelength range. In particular, known IBC laser technology is not 
sufficient for the current systems operating at both the C and L bands, and is unsatisfactory for 
future systems operating at the S (1430 to 1530 nm), C, L, and XL (1615 to 1660 nm) 
telecommunication bands. 

BRIEF SUMMARY OF THE INVENTION 

[0015] The present invention is directed to systems and methods for generating Raman 
gain utilizing an IBC laser that possesses heterogeneous emitter structures. Specifically, an 
emitter array may be fabricated according to embodiments of the present invention such that the 
quantum well characteristics of respective emitter elements in the emitter array are tailored to 
permit efficient operation over different spectra. For example, in an embodiment of the present 
invention, emitters in an emitter array may be divided into two groups. Each emitter within the 
first group is substantially identical. Similarly, each emitter in the second group is substantially 
identical. The emitters in the first group are preferably implemented to possess a given 
bandwidth and a first center wavelength. The emitters in the second group are preferably 
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implemented to possess a given bandwidth and a second center wavelength. The second center 
wavelength may be shorter than the first center wavelength. Accordingly, the emitter array may 
be oriented in an IBC laser such that the second group of emitters receives feedback that is 
associated with the blue portion of the feedback spectrum. Likewise, the emitter array may be 
oriented such that the first group of emitters receives feedback that is associated with the red 
portion of the feedback spectrum. By doing so, the intrinsic bandwidth of the IBC laser is 
increased and, hence, the IBC laser may generate Raman gain over a greater bandwidth that is 
suitable for typical telecommunication systems. 

[0016] Embodiments of the present invention are directed toward fabrication methods 
for creating a suitable emitter array for an IBC laser that is used as a Raman pump. A suitable 
emitter array may be fabricated by growing the emitters on a single substrate. In the first stage 
of the fabiication process, the various layers (e.g. the confinement structure, the quantum well, 
the gain region, and/or the like) of the emitter array are grown on the substrate. The growth of 
the various layers may occur utilizing techniques that are known in the art. Additionally, in the 
first stage, the characteristics (e.g., quantum well composition and width) of the emitter of the 
emitters array are selected such that the emitters are designed to operate over a bandwidth 
centered at a first center wavelength. In a second stage of fabrication, a portion of the array is 
removed by, for example, suitable etching techniques. In a third stage of fabrication, a second 
set of emitters are regrown on the portion of the substrate where the other emitters were 
removed. The characteristics (e.g., quantum well composition and width) of the second set of 
emitters are selected such that the emitters are designed to operate over a bandwidth centered at 
a second center wavelength. Therefore, the emitter array (consisting of the two sets of emitters) 
may possess an appreciably increased intrinsic bandwidth by appropriately selecting the first and 
second center wavelengths. 

[0017] Thus, embodiments of the invention increase the bandwidth of the laser array 
beyond AA, QW . By selecting different materials and/or a different thickness for the respective 
emitter groups of an emitter array, the laser array bandwidth, AX^ser, can be increased to AX QW + 
^cmax - ^cmin, where >lcmax is the maximum center wavelength of the emitter groups and X C mm is 
the minimum center wavelength for emitter groups. 
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[0018] Also, it shall be appreciated that embodiments of the present invention tend to 
provide similar output power from each emitter element in the array. Since embodiments of the 
present invention have multiple center wavelengths, which are dispersed across the bandwidth, 
embodiments of the present invention tend to provide power more evenly across the bandwidth. 

[0019] It shall be appreciated that the present invention is not limited to any particular 
number of emitter groups in an emitter array. Embodiments of the present invention may 
grown, etch, and regrow any suitable number of emitter groups in an emitter array depending 
upon their intended use in a suitable application. 

[0020] In alternative embodiments of the present invention, the emitters (of an array 
fabricated using the preceding technique) may be modified to individually possess greater 
bandwidth. In embodiments of the present invention, the emitters may possess multiple 
quantum wells. In other embodiments of the present invention, the quantum well thickness of 
the emitters may vary in a direction that is parallel with the emerging light, e.g. from front to 
back. By utilizing either of these techniques, the bandwidth of the individual emitters (and, 
hence, the emitter array also) may be augmented. 

[0021] The foregoing has outlined rather broadly the features and technical advantages 
of the present invention in order that the detailed description of the invention that follows may 
be better understood. Additional features and advantages of the invention will be described 
hereinafter which form the subject of the claims of the invention. It should be appreciated by 
those skilled in the art that the conception and specific embodiment disclosed may be readily 
utilized as a basis for modifying or designing other structures for carrying out the same purposes 
of the present invention. It should also be realized by those skilled in the art that such equivalent 
constructions do not depart from the spirit and scope of the invention as set forth in the 
appended claims. The novel features which are believed to be characteristic of the invention, 
both as to its organization and method of operation, together with further objects and advantages 
will be better understood from the following description when considered in connection with the 
accompanying figures. It is to be expressly understood, however, that each of the figures is 
provided for the purpose of illustration and description only and is not intended as a definition of 
the limits of the present invention 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] For a more complete understanding of the present invention, reference is now 
made to the following descriptions taken in conjunction with the accompanying drawing, in 
which: 

[0023] FIGURE 1 depicts an incoherently beam combined (IBC) laser according to the 
prior art; 

[0024] FIGURE 2 depicts an emitter array fabricated on a substrate in a first 
fabrication stage according to embodiments of the present invention; 

[0025] FIGURE 3 depicts removal of selected emitters from the emitter array 
fabricated in FIGURE 2 according to embodiments of the present invention; 

[0026] FIGURE 4 depicts regrowth of emitters possessing different quantum well 
characteristics on a portion of substrate where emitters were previously removed according to 
embodiments of the present invention; 

[0027] FIGURE 5 depicts a known emitter design that may be utilized in an emitter 
array fabricated according to embodiments of the present invention; 

[0028] FIGURE 6 depicts another known emitter design that may be utilized in an 
emitter array fabricated according to embodiments of the present invention; and 

[0029] FIGURE 7 depicts a system that includes a Raman amplifier according to 
embodiments of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0030] Embodiments of the present invention are directed toward fabrication 
techniques for creating a suitable emitter array to be used in an IBC laser that operates as a 
Raman pump. FIGURE 2 depicts an exemplary emitter array consisting of emitters 201-1 
through 201-N. Each of emitters 201-1 through 201-N may be grown on substrate 200 utilizing 
known emitter fabrication techniques. Substrate 200 may be an initial silicon layer. 
Alternatively, substrate 200 may be a layer grown or deposited over other layers including the 
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initial silicon layer. Each respective layer (e.g. the confinement structure, the quantum well, the 
gain region, and/or the like) of the emitter array may be grown on substrate 200 utilizing 
appropriate masking, deposition, and etching operations. As each of emitters 201-1 through 
201-N are preferably fabricated via a common fabrication process, each of emitters 201-1 
through 201-N are substantially identical. Emitters 201-1 through 201-N possess the same 
quantum well characteristics (e.g., quantum well composition and width). Therefore, each of 
emitters 201-1 through 201-N possesses the same bandwidth (AXqw) and each of emitters 201-1 
through 201-N possesses the same center wavelength (A,ci). 

[0031] After the emitter array with identical emitters has been initially grown, a portion 
of the emitters are removed utilizing suitable etching techniques. A protective layer may be 
deposited on selected emitters (e.g., emitters 201-1 through 201-N/2) of the emitter array. Then, 
a suitable etching solution may be applied. The etching solution may remove the emitters (e.g., 
emitters 201-N/2+1 through 201-N) that did not receive deposition of the protective layer. 
FIGURE 2 depicts substrate 200 after removal of selected emitters (emitters 201 -N/2+1 through 
201-N). 

[0032] After removal of selected emitters, additional emitters (e.g., emitters 202-1 
through 202-N/2) may be grown in placed of the removed emitters (emitters 201 -N/2+1 through 
201-N). FIGURE 3 depicts substrate 200 after regrowth of the additional emitters (emitters 202- 
1 through 202-N/2). The additional emitters may be fabricated to possess different quantum 
well characteristics (e.g., quantum well composition and width). In preferred embodiments, the 
regrown emitters may possess a possesses a center wavelength (Xa) that is different than the 
center wavelength of the first set of emitters. The regrown emitters may possess the same 
bandwidth (AX, QW ) as the first set of emitters, although the bandwidth may be varied if desired. 

[0033] Emitters 201-1 through 201 -N/2 and emitters 202-1 through 202-N/2 on 
substrate 200 form emitter array 400. All of the emitters are mechanically coupled, since they 
have been grown on the same substrate (i.e., substrate 200). Additionally, the emitters are 
positioned relative to each other in fixed positions due to the fabrication process. Accordingly, 
emitter array 400 is suitable to be utilized in an IBC laser, since the feedback provided to each 
emitter of emitter array 400 may be determined by the respective fixed positions of the emitters. 
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[0034] Assuming that both sets of emitters possess the same bandwidth (AXqw) and 
that \q2 > Xqu the intrinsic bandwidth of emitter array 400 equals X C 2 - Aci + AXqw . 
Accordingly, emitter array 400 may be incorporated into an IBC laser (e.g., in IBC laser 10 in 
lieu of emitters 12-1 through 12-N) that is used to generate Raman gain over a substantially 
greater bandwidth than previously obtained by known single cavity IBC laser technology. 

[0035] It shall be appreciated that the present invention is not limited to any particular 
number of emitter sets in an emitter array. Embodiments of the present invention may grow, 
etch, and regrow any suitable number of emitter sets in an emitter array depending upon their 
intended use in a suitable application. By etching and regrowing successive layers, 
embodiments of the present invention enable fabrication of a suitable emitter array that be may 
used as a Raman pump in an IBC laser to generate Raman gain across any suitable spectrum 
including the S, C, L, and XL telecommunication bands. 

[0036] In alternative embodiments of the present invention, the bandwidth of emitter 
array 400 may be further augmented by utilizing various known emitter designs. One such 
embodiment is depicted in FIGURE 5 in which emitter 500 comprises three quantum wells. 
Emitters possessing multiple quantum wells may be fabricating utilizing a number of techniques. 
One such technique is described in U.S. Patent Application No. 5,048,040. Each emitter of 
emitter array 400 may be implemented according to this design. The first well 501 has a 
composition and thickness to produce a center wavelength of Xa- The second well 502 has a 
composition and thickness to produce a center wavelength of A. B . The third well 503 has a 
composition and thickness to produce a center wavelength of Xq. Note that the number of wells 
is by way of example only, as more or fewer wells could be used. This embodiment is less 
difficult to fabricate than the other emitter designs. Since each quantum well layer is uniform 
across the device, the structure of this embodiment may be grown as a uniform wafer. However, 
this design is not as efficient as other designs. Each emitter lases at a distinct wavelength and 
hence cannot extract gain from all the quantum wells at their center wavelength. Therefore, 
while each emitter may extract power from one or more quantum wells, it may not extract power 
efficiently from all of the quantum wells. This will be the case when the bandwidth of a 
quantum well is much smaller than the bandwidth of the laser array, and there is a large 
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separation between the peaks of the quantum wells. Thus, the quantum wells within each 
emitter are not being used efficiently. 

[0037] Alternatively, the center wavelengths of the quantum wells of each emitter of 
emitter array 400 may vary uniformly in a direction that is parallel with the emerging light, e.g., 
from front to back, as is known in the art. Accordingly, each quantum well has a range of center 
wavelengths. This embodiment is depicted in FIGURE 6. Emitter 600 comprises three quantum 
wells (601, 602, and 603) which are preferably substantially the same. The composition and/or 
thickness is varied across the well, from front to back, so that different portions of the well have 
different center wavelengths, namely X A to X z . Note that X A to X z may be different than X x to X N? 
e.g., X A to X z may be larger than or equal to X\ to X^. Further note that X A to X z may be smaller 
than X\ to Xu, particularly if X A - X z + AX QW equals X\ to A, N . Thus, at some point in the well, the 
center wavelength of the well will match lasing wavelength of the emitter. However, this 
embodiment is more difficult to construct. In order to vary the material and/or thickness of the 
well across the emitter, the well may be formed by the selective area growth technique as 
described in "InP Materials and Devices," by O. Wada et al, which is incorporated herein by 
reference, in its entirety. 

[0038] Although the techniques for fabricating devices having multiple quantum wells 
with different center wavelengths or devices having varying quantum well thickness are known 
in the art, it is not known in the art to incorporate such devices in IBC laser technology. 
Accordingly, embodiments of the present invention enable the use of existing emitter designs to 
further modify IBC laser technology to facilitate the use of IBC lasers in applications (e.g., 
broadband Raman amplifiers) that were previously considered inappropriate for such 
technology. 

[0039] FIGURE 7 depicts an arrangement of optical system 70 which includes a 
Raman amplifier. Optical system 70 includes optical signal source 72 which generates an 
optical signal to be detected by detector 74. For example, telecommunication providers utilize 
wavelengths within the C Band and L Band to provide channels to carry information optically. 
Additionally, it is anticipated telecommunication providers may also begin to utilize 
wavelengths in the S Band and the XL Band. Thus, the total band (S, C, L, XL) is 1430 nm to 
1660 nm, with a bandwidth of 230 nm, while the CL band is from 1530 nm to 1610 nm with a 
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bandwidth of 80 nm. Accordingly, the optical signal may comprise one or more wavelengths 
within these bands. Detector 74 is disposed at some appreciable distance from optical signal 
source 72. IBC laser 71 provides a Raman pump. According to embodiments of the present 
invention, IBC laser 71 comprises array 400 and, hence, provides a Raman pump over suitable 
bandwidth to multiplexer 73. Multiplexer 73 causes the Raman pump to enter optical fiber 75 
which also carries the optical signal generated by optical signal source 72. Due to SRS, the 
optical signal experiences Raman gain at the desired wavelength(s) in fiber 75. Because the 
Raman pump possesses sufficient bandwidth, the Raman gain occurs over the desired bandwidth 
in fiber 75. 

[0040] Although the present invention and its advantages have been described in detail, 
it should be understood that various changes, substitutions and alterations can be made herein 
without departing from the spirit and scope of the invention as defined by the appended claims. 
Moreover, the scope of the present application is not intended to be limited to the particular 
embodiments of the process, machine, manufacture, composition of matter, means, methods and 
steps described in the specification. As one of ordinary skill in the art will readily appreciate 
from the disclosure of the present invention, processes, machines, manufacture, compositions of 
matter, means, methods, or steps, presently existing or later to be developed that perform 
substantially the same function or achieve substantially the same result as the corresponding 
embodiments described herein may be utilized according to the present invention. Accordingly, 
the appended claims are intended to include within their scope such processes, machines, 
manufacture, compositions of matter, means, methods, or steps. 
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